) from lagoons or other similar animal manure holding structures not only degrades environmental quality but also lowers the fertilizer value of the liquid effluent. In general, NH 3 emissions from these facilities depend on the concentration of free NH 3 in the liquid (NH 3(aq) ), which is a function of the dissociation of ammonium ions (NH 4 + n liquid dairy manure, nitrogen (N) exists both in inorganic and organic forms. Total ammoniacal nitrogen (TAN), which is inorganic in nature, is the sum of ionized ammonium N (NH 4 + -N) and un-ionized ammonia N (NH 3 -N). In general, only the latter (NH 3 -N) nitrogen species can directly volatilize from dairy wastewater into the atmosphere. In theory, therefore, increased NH 3 -N in manure increases the potential of air pollution from animal feeding operations (Sommer et al., 2005; Ni, 1999) . In addition to potential air pollution, emission of NH 3 also reduces the fertilizer value of the dairy lagoon effluent when it is eventually applied on crop fields or pastures (Sørensen and Amato, 2002) .
n liquid dairy manure, nitrogen (N) exists both in inorganic and organic forms. Total ammoniacal nitrogen (TAN), which is inorganic in nature, is the sum of ionized ammonium N (NH 4 + -N) and un-ionized ammonia N (NH 3 -N). In general, only the latter (NH 3 -N) nitrogen species can directly volatilize from dairy wastewater into the atmosphere. In theory, therefore, increased NH 3 -N in manure increases the potential of air pollution from animal feeding operations (Sommer et al., 2005; Ni, 1999) . In addition to potential air pollution, emission of NH 3 also reduces the fertilizer value of the dairy lagoon effluent when it is eventually applied on crop fields or pastures (Sørensen and Amato, 2002) .
Several methods exist for quantifying the TAN concentration in aqueous solutions (APHA, 1998) . In general, however, there is no direct method for measuring the proportion of TAN that is NH 3 -N in aqueous solutions. In aqueous ammonium solutions, NH 3 , NH 4 + , and hydrogen ions (H + ) exist in equilibrium, which is usually represented by equation 1 (Sommer et al., 2005) :
This equilibrium is dependent on both the liquid temperature and pH. Lowering the liquid pH shifts the equilibrium to the left, thus lowering the concentration of NH 3 -N in the liquid. This is the basic theory behind acidification of manure slurries to mitigate emissions of NH 3 or to prevent loss of NH 3 during storage of manure samples in order to preserve their integrity.
The value of K d is mainly a function of the liquid temperature and the pH of the liquid manure. The variation of free NH 3 -N concentration relative to TAN with the temperature and pH of the aqueous solution, adopted from Loehr (1984) , is presented in figure 1 . It is evident that with an increase in temperature, the fraction of NH 3 -N concentration increases. It is also clear that with an increase in pH, the fraction of NH 3 -N to TAN (denoted as a) increases and approaches 1.0 at pH values higher than 11. This scenario suggests that if the liquid pH is greater than 11, then total volatilization of TAN as NH 3 gas into the air is theoretically possible. This concept will be explored later in the Methods and Materials section to develop a procedure for determination of K d in the laboratory. The K d value in dilute aqueous solutions at 25°C is presented in equation 2. Based on the Clausius-Clapeyron equation, Jayaweera and Mikkelsen (1990) computing K d in pure water-ammonium solutions were proposed by Emerson et al. (1975) 
In general, because equations 2, 3, 4, and 5 were developed for pure water-ammonia solutions, they are also valid for dilute aqueous solutions where the activity coefficients of the ions are approximately one. In concentrated solutions, however, it is important to account for ionic strength effects on the chemical activity of the ions, which result in a reduction of the K d value (Arogo et al. 2003; Clegg and Whitfield, 1995; Snoeyink and Jenkins, 1980) . Bell et al. (2007) incorporated the effect of ionic strength on K d in saline water solutions by multiplying the activity coefficient of each ion (g{i}) with the concentration of the ion in question, as shown in equation 6. The ionic activity coefficients are calculated from either the classical Debye-Hückel equation for dilute solutions or the extended Debye-Hückel equation for more concentrated solutions, using the ionic strength (m) of the solution. Snoeyink and Jenkins (1980) suggested equations 7 and 8 for approximating m using total dissolved solids (TDS) and electrical conductivity (EC), respectively:
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A few studies have reported the effect of TS concentrations on the K d value in livestock manures. The K d in swine manure with 0.25% TS and 400 mg L -1 TAN at 25°C was about 52% of the K d for deionized (DI) water . The K d in 1% TS swine manure was about 20% of the K d in pure water (Zhang, 1992) . The K d in chicken manure with 3.5% to 8.5% TS was about 16.7% of the K d in pure water solution (Hashimoto and Ludington, 1971) . In 0.3% TS swine manure, Arogo et al. (2003) De Visscher et al., 2002; Zhang, 1992; Snoeyink and Jenkins, 1980) . To our knowledge, no studies exist in the available literature on the effect of TS on K d in dairy manure. The K d value is a critical component of process models for estimating NH 3 emissions, and such data would allow more accurate representation of K d . Effectively, this would result in enhanced models for determining NH 3 emissions from dairy wastewaters, which is crucial not only for regulatory purposes but also for development of NH 3 emission mitigating strategies from dairy manure.
The objectives of this study were to determine, through controlled laboratory studies, the effects of temperature and TS concentration on the K d value in liquid dairy manure and obtain an empirical model that represents these effects.
METHODS AND MATERIALS PROCEDURE FOR DETERMINING AMMONIUM DISSOCIATION CONSTANT
There is no standard procedure or method to directly determine NH 3 -N in aqueous solutions (Arogo et al., 2003; Emerson et al., 1975 
To compute K d using equation 9, the main challenge is determining the value of a at the corresponding pH value. This requires knowing the NH 3 -N component, which cannot be determined directly as mentioned earlier. The procedure for determining a at a particular pH described by Arogo et al. (2003) was adapted in this study. Equation 10 has been used by several authors Arogo et al., 1999; Zhang, 1992; Hashimoto and Ludington, 1971) 
The negative sign in equation 11 is an indication that the concentration will decrease over time, and equation 11 can be further simplified to equation 12 by noting that M TAN = V × TAN (V is the volume of liquid manure) and substituting
Equation 13 is obtained by integrating equation 12 between 0 and time t, and between initial TAN (TAN 0 ) and residual TAN at time t (TAN t ). Equation 14, a more convenient transformation of equation 13, was the basis for experimental determination of a from measurements of residual TAN with t in a convective emission chamber (CEC). A plot of ln(TAN t / TAN 0 ) against time t yields a straight line with a slope (s), as given in equation 15:
The fraction of TAN present as NH 3 (a) will approach 1.0 at a pH above 11. This is the basic premise in the experimental determination of a (and hence K d ) at different pH values.
To determine a at any other pH of interest (a int ), the change in TAN with t must be studied at the pH of interest and also at another pH where a is close to 1 (in this case, any pH above 11 will do). The respective slopes are determined at the two conditions to yield equations 16 and 17, respectively. Dividing equation 16 by equation 17 provides the value for a int as shown in equation 18. This procedure is repeated within the entire range of conditions of interest to generate data for developing an empirical model of K d as a function of T and TS:
EQUIPMENT AND INSTRUMENTATION USED IN THIS STUDY
This study was achieved through a series of experiments conducted in a convective emissions chamber (CEC). The CEC consisted of a wind generator, an airflow controller unit, an air heater and temperature control unit, two screens (3 mm stainless steel, 120 cm apart) to effect turbulence, and a liquid manure sample chamber, which included a temperature- controlled water bath and a manure sample pan. The CEC was replicated from previous similar studies (Arogo et al., 1999; Shaw, 1994; Zhang, 1992) . The dimensions of the test section of the CEC are presented in figure 2a, and figure 2b is a photograph of the CEC. The overall dimensions of the CEC were 4.2 m × 0.45 m × 0.15 m (L ×W ×H). The CEC walls were built with galvanized-iron sheet and insulated from inside to avoid any heat transfer with the surroundings. The liquid manure sample pan (27.9 cm × 17.5 cm × 4.8 cm) was placed in a constant-temperature water bath to maintain a constant manure temperature throughout each experimental run. The water bath and air heaters maintained constant temperature within ±1°C of the desired manure and air temperatures.
EXPERIMENTAL PLAN
The manure used in this study was collected from the equalization tank in the Washington State University Dairy Research Facility in one batch and stored in a walk-in cooler in the lab. The manure collection system in this facility consists of manure scraping into pits, from which the manure is then flushed using supernatant water drawn from the secondary lagoon. The flushed manure is taken through a solidsliquid separator, and the liquid portion is delivered into the equalization tank. The manure is finally pumped from the equalization tank into the primary lagoon, which overflows into the secondary lagoon. Appropriate manure samples were drawn from this batch prior to running each experiment. The TS concentrations were adjusted with tap water to range from 0.5% to 2.5% (at increments of 0.5%), which represents typical dairy flush manure. The liquid manure temperatures were set between 5°C and 35°C at increments of 10°C. Each experimental run was conducted with a 2.3 L sample of test liquid manure with pH adjusted to 9.0 (pH of interest) or 12 using 10 M NaOH.
The pH-adjusted manure sample was poured into the test pan and placed in the constant-temperature water bath. Spot checking of the temperature of the manure sample ensured that the desired set temperature remained constant during an entire test. A constant airflow velocity of 1.5 m s -1 was main- tained at 1.0 cm above the test liquid. Before placing the manure pan in the temperature-controlled water bath, the CEC was operated for at least 20 min to stabilize to the test conditions. Once the test conditions were achieved, the manure pan was placed in the water bath, and the CEC was run for approximately 30 min to allow the manure liquid to adjust to the test conditions. Once the manure liquid had adjusted to the test conditions, five samples of 1 mL each were drawn from approximately 2 mm below the liquid surface, using a 5 mL pipette, and combined into a composite sample every 30 min for 3 h. The five sample locations were randomly selected but were spread over the entire surface of the test manure. To avoid NH 3 loss, these manure samples were injected, directly from the pipette, into 5 mL of 2 M sulfuric acid. In most cases, the samples were analyzed immediately after the experiment using a standard method (EPA Method 350.2). Three sets of runs (i.e., triplicate runs) were conducted at a pH of 9 and at a pH of 12. The pH values of the test manure samples were determined at the beginning and end of each test run. The experiment plan is outlined in the table 1.
DATA ANALYSIS
Regression analyses were performed to analyze the effects of manure temperature (5°C, 15°C, 25°C, and 35°C) and TS concentration (0.5%, 1.0%, 1.5%, 2.0%, and 2.5% w/w) on K d . The model of K d was obtained using Proc NLIN (SAS, 2006) with the entire data set for the environmental and liquid manure conditions examined in this study. Proc NLIN is the SAS procedure for fitting nonlinear regression models. The justification for using Proc NLIN is provided in the Results and Discussion section.
RESULTS AND DISCUSSION
Two examples of the exponential decay profiles of TAN in the dairy manure liquid from the start to the end of test runs (at 25°C and 1.5% TS) are given in figure 3 . The TAN residuals in the dairy manure liquid with time at a pH of 9 are shown in figure 3a, while figure 3b represents the TAN residuals in the dairy manure liquid with time at a pH of 12. With reference to equation 18, two test conditions are required to obtain a of interest, which is necessary for computing the K d at the pH of interest (pH int ). The TAN residual curves evidently followed first-order kinetics very well, with R 2 values of 0.95 at pH 9 and 0.99 at pH 12. The slope obtained from figure 3a with a pH of 9 was 9.26 × 10 -4 , and the slope obtained from figure 3b with a pH of 12 (a = 1) was 3.56 × 10 -3 . Dividing the slope obtained from figure 3a with the slope obtained from figure 3b resulted in an a value of 0.26. This value represents the fraction of TAN that is NH 3 -N in the dairy manure liquid with 1.5% TS, maintained at 25°C, at a pH of 9, and with an air velocity of 1.5 m s -1 . The computed K d obtained with these parameters was 3.51 × 10 -10 . Similar computations were done to determine the K d values at all other test conditions examined in this study.
EFFECT OF TEMPERATURE ON DISSOCIATION CONSTANT
The effect of temperature on K d in 1.5% TS liquid dairy manure is shown in figure 4a . The K d in liquid dairy manure increased exponentially (R 2 = 1.00) with an increase in temperature for the range of temperatures investigated in this study. The effect of temperature on K d was further analyzed using the classical van't Hoff model shown in equation 19 (Silbey et al., 2005) :
where K is the equilibrium constant, DH is the change in enthalpy (J mole -1 ), DS is the change in entropy (J mole -1 ), R is the universal gas constant (8.314 J mole -1 K -1 ), and T is the temperature (K). In general, the van't Hoff model provides a physical relationship between K d and temperature for dissociating chemical compounds. A graphical presentation of the van't Hoff equation fitted using the K d and temperature data obtained from this study is presented in figure 4b . It is clear that the effect of temperature on the K d in dairy manure can be presented by a simple van't Hoff model, given the strong correlation coefficient (R 2 ) of 0.99. The equation generated in figure 4b can thus be used to correct K d for temperature or for prediction of K d values within the temperature range investigated in our study. For comparison, the K d values in liquid dairy manure at temperatures ranging between 5°C and 35°C, TS concentration of 1.5%, and at a pH of 9 obtained from our and Mikkelsen, 1990) when the effects of total solids (i.e.,Ăsuspended solids and ionic strength) are taken into account. Inhibition of dissociation of NH 4 + by the suspended solids and the higher ionic strength inherent in the dairy manure most probably explains the fact that the K d in dairy manure did not double in accordance with the theoretical models, nor with the van't Hoff model, for every 10°C rise in temperature, which is exhibited in pure water.
EFFECT OF TS CONCENTRATIONS ON DISSOCIATION CONSTANT
A natural regression plot (R 2 = 0.96) showing the effect of TS concentrations on the K d in liquid dairy manure at 25°C is presented in figure 6 . The K d in the liquid dairy manure decreased with an increase in the TS concentration. This result further demonstrates that the presence of solids in dairy manure inhibits dissociation of NH 4 + and that the greater the TS concentration, the greater the inhibition. The observed reduced K d in livestock manures has been explained in previous studies. In general, lower values of K d in livestock manures compared to pure water-ammonium solutions have been attributed to higher solution ionic strength caused by the dissolved solutes as well as adsorption of TAN on organic matter, which results in reduced chemical activity of NH 3 and NH 4 + (Montes et al., 2009; Arogo et al., 2003; Liang et al., 2002; De Visscher et al. 2002; Zhang 1992; Snoeyink and Jenkins, 1980) .
Other researchers have related the K d in liquid animal manures with the K d in pure water via simple fractions. For example, Liang et al. (2002) noted that the K d in swine manure with 0.25% TS and 400 mg L -1 TAN at 25°C was approximately 52% of the value in deionized (DI) water. Zhang (1992) noted that the K d in 1% TS swine manure was about 0.2 times (20%) the K d in water. Hashimoto and Ludington (1971) reported that the K d in chicken manure with 3.5% to 8.5% TS was about 1/6, or 16.7%, of the K d in anhydrous NH 3 solution. There are no grounds to challenge the usefulness of these simple fractions, particularly for the specific conditions in which they were determined. However, based on our current study and that of Arogo et al. (2003) , it is quite clear that such simplistic approaches to providing a single empirical fraction to represent the K d in animal manures is not tenable over the entire range of interest of both the TS and temperature.
EFFECT OF T-TS INTERACTIONS ON DISSOCIATION CONSTANT
The K d values in liquid dairy manure with 1.5% TS at 5°C, 15°C, 25°C, and 35°C were 1.17, 0.87, 0.61, and 0.54 times, respectively, the theoretical K d values in pure water at similar temperature conditions estimated with either the Emerson et al. (1975) model or the Jayaweera and Mikkelsen (1990) model. This observation shows that, at constant TS concentration (1.5%), the ratios of K d values in dairy manure to the K d values in pure water decreased with an increase in the liquid temperatures. This observation further illustrates the significance of TS concentrations on the K d values at elevated temperatures. We can also further postulate that because the effect of TS concentration increases with an increase in the manure temperature, there is interaction between temperature and TS concentration. The latter observation suggests that models of K d in liquid dairy manure must consider the simultaneous effects of the TS concentration and the temperature. This observation is also reflected in the data obtained with dilute swine manure by Arogo et al. (2003) .
MODEL OF AMMONIUM DISSOCIATION CONSTANT
To model K d based on manure temperature (T), we adopted the general equation (eq. 20) developed for correcting K d for temperature by various authors (Montes et al., 2009; Jayaweera and Mikkelsen, 1990; Emerson et al., 1975) . In equation 20, we noted that K d increases with an increase in temperature (A and B are constants), an observation that was also verified in the current study ( fig. 4) . On the other hand, the effect of TS concentration on K d was incorporated into equation 21 by noting that K d decreases with an increase in TS (where C and D are constants). This conjecture was based on the data gathered in the current study ( fig. 6 ) in conjunction with data from previous studies (Arogo et al., 1999; Zhang, 1992; Hashimoto and Ludington, 1971) :
The K d values obtained at different TS concentrations at various manure temperatures were the input to Proc NLIN, the nonlinear regression procedure in SAS (2006) . From the results of Proc NLIN, the respective constants were obtained, resulting in the empirical model presented in equation 22, whose R 2 value of 0.97 (n = 24) indicated a good fit to the experimental data: figure 7a . In addition, a comparison between observed values and model-predicted values of K d at different TS concentrations (0.5%, 1.0%, 1.5%, and 2.5%) at 25°C is presented in figure 7b . In both cases, the observed values compared very well with the model-predicted values, further illustrating the good fit of the nonlinear regression model to the experimental data.
EXPANDED UTILITY OF OUR MODEL
The expanded utility of our model is quite apparent from the graphical format ( fig. 8 ) of the relationships between our model and the models developed for pure water-ammonium solutions, in this case the Emerson et al. (1975) model. The ratio of the K d in liquid dairy manure and the K d in pure water within the ranges of manure conditions (5°C to 35°C and 0.5% to 2.5% TS) examined in this study are presented in figure 8a . On the other hand, the K d in liquid dairy manure as a function of the K d in pure water within the same conditions is presented in figure 8b . Two important aspects are explicit in figure 8: (1) the concentration of TS is a significant factor governing the K d in dairy manure, and (2)Ăthe effect of TS on K d becomes more significant at elevated temperatures. Given the strong statistical relationships (all R 2 = 0.99) exhibited in figure 8, these curves can be interpolated to provide accurate values for the K d in liquid dairy manure at any manure condition within the conditions (5°C to 35°C, and 0.5% to 2.5% TS) covered in our study. Although our study was focused on manure conditions normally experienced in the Pacific Northwest of the U.S., these conditions are common in many other regions. The results of our study are, therefore, applicable in many other regions. Furthermore, we are of the opinion that this study can be extended as desired to cover a much broader range of conditions, to expand the utility of such models globally.
SUMMARY AND CONCLUSIONS
A series of laboratory experiments was conducted in a convective emissions chamber to model K d at temperatures between 5°C and 35°C and at TS concentrations ranging from 0.5% to 2.5%. The conclusions drawn from this study are as follows:
S When the effect of temperature was considered alone, the K d in dairy manure increased with an increase in temperature. From 5°C to 35°C, the K d increased by approximately 1.6× for every 10°C rise in temperature. The K d temperature dependence in the manure was described using a simple van't Hoff model. These findings indicate that an increase in temperature results in a greater fraction of un-ionized NH 3 -N, which can in turn result in increased NH 3 emissions into the surroundings. This conclusion is in line with theoretical expectations. fig. 8 ). However, the absolute values of K d in the liquid dairy manure were less than those in pure water. This difference is attributed to the inhibition of NH 4 + dissociation by the presence of TS in the liquid dairy manure. In addition, the effect of TS was more pronounced at elevated temperatures. S Models of the K d in dairy manures need to consider both, and simultaneously, the effects of manure temperature and total solids content to enhance model reliability. S In order to initiate ammonia emissions mitigation strategies based on the effects of solids, ionic strength, or both on the K d in dairy manure, it is important to conduct further studies to delineate the effects of suspended solids from those of ionic strength. In addition, it is important to determine if the suspended solids (or TS in general) characteristics resulting from different diets fed to animals have significant effects on the K d in dairy manure.
